Lamins are nuclear intermediate filament proteins and the major building blocks of the nuclear lamina. Besides providing nuclear shape and mechanical stability, lamins are required for chromatin organization, transcription regulation, DNA replication, nuclear assembly, nuclear positioning, and apoptosis. Mutations in human lamins cause many different heritable diseases, affecting various tissues and causing early aging. Although many of these mutations result in nuclear deformation, their effects on lamin filament assembly are unknown. Caenorhabditis elegans has a single evolutionarily conserved lamin protein, which can form stable 10-nmthick filaments in vitro. To gain insight into the molecular basis of lamin filament assembly and the effects of laminopathic mutations on this process, we investigated mutations in conserved residues of the rod and tail domains that are known to cause various laminopathies in human. We show that 8 of 14 mutant lamins present WT-like assembly into filaments or paracrystals, whereas 6 mutants show assembly defects. Correspondingly, expressing these mutants in transgenic animals shows abnormal distribution of Ce-lamin, abnormal nuclear shape or change in lamin mobility. These findings help in understanding the role of individual residues and domains in laminopathy pathology and, eventually, promote the development of therapeutic interventions. filament assembly ͉ laminopathic diseases ͉ nuclear envelope
ments has not been observed in other cell types (12) . The smallest soluble units generated during mitosis are dimeric coiled-coils (13) . One lamin assembly model suggests that the dimers assemble into thin ''head to tail'' fibrils. These fibrils are then laterally anneal into 10-nm-thick filaments and further into paracrystalline structures (11, 14, 15) . Recently, it has been shown that the B-type C. elegans lamin (Ce-lamin) is able to form stable 10-nm-thick filaments in vitro (16, 17) . The in vitro association reactions occur via an intermediate step of Ϸ20-nmthick filaments, they are extremely fast and significant filamentous assemblies are formed within seconds, depending on the used ionic conditions (17) .
Most biological roles of mammalian lamins are evolutionarily conserved in C. elegans. In addition, the single C. elegans lamin probably functions both as A-and B-type lamin, including its presence in the nucleoplasm (12) . To date, the effects of specific mutations on the structural properties of lamins are largely unknown. Therefore, we investigated how mutations in specific residues of Ce-lamin corresponding to laminopathic diseasecausing mutations in the human LMNA gene affect filament and paracrystal assembly in vitro and lamin organization and dynamics in vivo. Our results show that, although some mutants assemble into seemingly normal lamin filaments or paracrystals, other mutants interfere with the assembly process, presumably during filament assembly and maturation. Correspondingly, the mutants with in vitro assembly defects yield abnormal distribution and mobility of Ce-lamin in transgenic animals.
Results

Point Mutations in Disease-Linked Conserved Residues Affect Ce-
Lamin Assembly in Vitro. We inserted missense mutations in the rod and tail regions of Ce-lamin in conserved residues that cause EDMD, FPLD, DCM, or HGPS when mutated in human lamin A [ Fig. 1 , Table 1 , and supporting information (SI) Fig. 5B ]. Each of the 14 generated mutants contained a different point mutation was bacterially expressed, purified to near homogeneity (SI Fig. 5A ) (18) , and used to prepare either filaments or paracrystals as we described in ref. 17 . The filaments and paracrystals were studied by negative staining electron microscopy ( Figs. 2  and 3 ).
Wildtype Ce-lamin formed filaments when diluted in the assembly buffer (17) . These filaments were 10 nm thick, branched, and irregular as described in ref. Table 1 ). A dramatic effect on filament assembly was observed in the R64P mutant (Fig. 2) . After 5 sec of assembly, WT Ce-lamin was organized as both short and long branched filaments (Fig. 2 Aa) . In contrast, the R64P mutant formed 50-to 300-nm-long head to tail fibrils, corresponding to the length of only 1-6 lamin dimers (SI Table 2 ), with an average thickness of 15.5 nm Ϯ 4 nm (n Ͼ 40) (Fig. 2 Ae). After 15 sec, at which time the WT Ce-lamin protein was assembled into long and branched filaments ( Fig. 2 Ab), the R64P mutant remained assembled as short filaments (Fig. 2 Af ). Even after a 5-min incubation, the R64P mutant formed short filaments only (Fig. 2 Ag) . After an overnight assembly, most R64P filaments were still up to few hundred nanometers long and 20 Ϯ 4 nm thick with few longer filaments that were up to 800 nm long (arrow in Fig. 2 Ah and SI Table 2 ). Next, we centrifuged the R64P protein after overnight assembly at different gravitation values, transferring the supernatant of each centrifugation to a new tube and analyzing the precipitants and supernatants by SDS/12% PAGE (Fig. 2B ). After centrifugation at 11,500 ϫ g, Ϸ75% of the WT Ce-lamin was in the pellet fraction, whereas only Ϸ25% of the R64P mutant appeared in that fraction. At 26,000 ϫ g and 104,000 ϫ g, Ͻ4% of WT Ce-lamin was in the pellet, whereas 35% and 19% of the R64P mutant molecules, respectively, were in the pellet. Approximately 20% of R64P and 18% of WT Ce-lamin still remained in the supernatant. These data again suggest that most R64P molecules did not assemble into long filaments. Four of the 14 examined missense mutations caused filament assembly phenotypes ( Fig. 3 and Table 1 ). These include Y59C and R64P in coil 1A and Q159K and D217K in coil 1B (Fig. 1) . All other tested lamin mutants gave apparently normal filaments (Table 1 ). There were two other kinds of abnormal filaments, beside the R64P assembly phenotype (Fig. 2 A) . Ce-lamin with the Q159K mutation assembled into ''striped'' filaments ( Fig.  3A , see inlet), suggesting that the organization of the head to tail fibrils with respect to each other is different from in WT Ce-lamin filaments. The Y59C and D217K mutants both gave filaments that were between 10 and 40 nm thick with an average thickness of Ϸ20 Ϯ 6 nm (n ϭ 40) (Fig. 3A) , which could represent either a previously observed intermediate step of 20-nm-thick filaments in the maturation process of 10-nm Celamin filaments (17) or an aberrant filament assembly. 3B ) had no apparent effect on filament assembly (Fig. 3A) . We conclude that point mutations in conserved disease-linked residues can be divided into four groups, based on their effects on lamin assembly in vitro: (i) no apparent effect on the lamin filaments or paracrystals; (ii) affecting only filaments; (iii) affecting only paracrystals; or (iv) affecting both filaments and paracrystals.
Point Mutations in Conserved Disease-Linked Residues Affect Lamin
Localization in Vivo. Ten of the 14 Ce-lamin disease-linked missense mutations, including the 6 mutations that gave in vitro assembly phenotypes, were also tested for their effects on lamin localization and mobility in vivo ( Table 1 ). The gfp gene was 
V, normal; X, abnormal; nd, not determined.
fused in frame to the 5Ј end of the lmn-1 gene (WT or containing a specific mutation). Each construct was used to generate 2-5 individual transgenic strains, using the microparticle bombardment technique (19) . To avoid high overexpression of the transgene, in many cases we used the baf-1 promoter to drive gfp::lmn-1 expression, because its expression pattern overlaps that of the lmn-1 promoter (20) (SI Tables 3 and 4) . Western blot analysis revealed that the levels of overexpression of the WT or mutant GFP::Ce-lamin proteins in the transgenic lines were between 5% and 40% of the endogenous Ce-lamin with no apparent degradation of the GFP::Ce-lamin (data not shown).
When driven by the baf-1 promoter, the constructs containing the R64P or R460W mutations did not produce viable C. elegans transgenic strains, and, therefore, we used the heat shock promoter hsp16-2 (21) . When driven by the lmn-1 promoter (22), the baf-1 promoter (Fig. 4 a and b) or the hsp16-1 promoter (data not shown) WT GFP::Ce-lamin was localized at the nuclear periphery with a weaker signal in the nucleoplasm suggesting that all these promoters are suitable for this study. A dramatic phenotype was observed in Y59C or R64P mutant transgenic lines where the mutant proteins were localized mainly in the nucleoplasm without affecting nuclear shape (Fig. 4 c-g ). In most cells, GFP::Ce-lamin containing a Q159K progeria mutation was localized similarly to WT Ce-lamin. However, in late embryos and adult hypodermis and muscle, Ϸ75% of the cells showed GFP::Ce-lamin aggregation and/or nuclear lobulation, which is one of the hallmarks of laminopathic mutations in human cells (Fig. 4 h-j) . The most affected tissue was the hypodermis surrounding the vulva. Ce-lamin containing the T164P mutation, which assembled into apparently normal filaments and paracrystals in vitro (Table 1) , showed WT localization in embryos before the 100-cell stage. However, in older embryos and in adult stages, the T164P protein aggregated at the nuclear periphery, and both nuclear aggregation and lobulation were observed in adult pharynx and tail nuclei (Fig. 4 k and l) . Interestingly, these aggregates contained Ce-emerin (compare the nucleus in Fig. 4k with that in SI Fig. 6 ).
Although most cells expressing the N209K mutation showed WT localization, after the 1-fold stage embryos expressing this mutant protein had few nuclei with nonhomogeneous GFP localization and GFP::Ce-lamin aggregation (Fig. 4 o and p) . There was also very low cytoplasmic background in some of the late embryos expressing the N209K mutant. This background could be due to low levels of degraded protein, which were below the level of detection in the Western blots. Surprisingly, the GFP::Ce-lamin containing a D217K mutation, which affected filament assembly in vitro, was localized mostly at the nuclear periphery, albeit with a much lower intensity in embryos (Fig. 4  m and n) . Interestingly, although localization seemed normal, expression of the G472D mutant caused lobulation of embryonic and intestine nuclei (Fig. 4 v and w) . Other nuclei were apparently normal (data not shown).
GFP::Ce-lamin with a R460W mutation showed many small aggregates in all embryonic, larva and adult cells (Fig. 4 q-s) . The GFP::Ce-lamin containing a R460C mutation, which is not known to be involved in a laminopathic disease, showed WT localization (Fig. 4t, u) . In late embryos and intestinal adult cells, GFP::Ce-lamin containing a L535P mutation showed intra nuclear aggregates, which were bigger and fewer than in R460W GFP::Ce-lamin (Fig. 4x, y) .
Staining with anti-Ce-lamin antibodies, which label both GFP::Ce-lamin and endogenous Ce-lamin, revealed that, in all tested strains, the endogenous Ce-lamin was still localized at the nuclear periphery, even when the nuclear shape was affected (data not shown). Staining with anti-emerin antibodies showed labeling at the nuclear periphery (SI Fig. 6) (23) .
We conclude that mutations that affect the in vitro assembly of Ce-lamin also affected its localization in all or some cells in vivo. The other mutations either did not affect Ce-lamin localization or caused a change in localization only in specific cells.
Point Mutations in Disease-Linked Residues Can Affect Lamin Mobility
in Vivo. Fluorescence recovery after photobleaching (FRAP) in living worms expressing GFP::Ce-lamin showed no measurable recovery of WT GFP::Ce-lamin after Ͼ60 min (n Ͼ 10) (Fig. 4z shows data until 25 min). The lack of recovery was observed for both peripheral and nucleoplasmic Ce-lamin. This indicates that Ce-lamin is apparently more stable than human lamin B1 (t1 ͞2 of Ϸ2 h; see ref. 24 ). GFP:Ce-lamin containing T164P, G472D, or (17) . Samples were negatively stained and visualized by electron microscopy. (Scale bars: 100 nm.) (B) R64P Ce-lamin was assembled overnight under standard conditions and assembly products were centrifuged at 11,500 ϫ g. The supernatant was transferred into a new tube and centrifuged at 26,000 ϫ g, and the procedure was repeated at 104,000 ϫ g. The precipitants of each step and the supernatant that remained after the last centrifugation step (SN) were analyzed in PAGE/ 12% SDS.
L535P mutations gave FRAP values that were similar to WT GFP::Ce-lamin (Fig. 4z) . In contrast, R64P caused a dramatic increase in GFP::Ce-lamin mobility (t1 ͞2 of Ϸ20 sec) (Fig. 4z) . This change in mobility is probably due to the impaired ability of the R64P protein to form long filaments (Fig. 2) . Surprisingly, the Y59C mutant, which formed abnormal filaments and apparently normal paracrystals, also showed a significant increase in mobility (t1 ͞2 of Ϸ20 sec) (Fig. 4z) . We conclude that Ce-lamin is a very stable protein and that specific mutations that interfere with filament assembly can also cause an increase in its dynamics.
Discussion
Ce-lamin Mutations Affect Filament and Paracrystal Assembly.
There is an unprecedented number of disease-causing heritable mutations in the human LMNA gene (8) . However, although assumed, it was unknown whether and how these mutations affect lamin assembly. The C. elegans lamin is unique, so far being the only known lamin that forms both stable 10-nm filaments and paracrystals in vitro (16, 17) . In this study, we took advantage of the assembly properties of Ce-lamin in vitro and tested 14 missense mutations in the Ce-lamin rod and tail domains in conserved residues, which cause laminopathic diseases when present in human lamin A, for their effects on assembly in vitro and localization and mobility in vivo. Six of the 14 tested missense mutations interfered with the assembly of Ce-lamin filaments or paracrystals. The observation that eight missense mutations had no visible effects on the assembly suggests that defects in lamin filament assembly can not be the only mechanism leading to laminopathic diseases. Interestingly, two of the rod domain mutations that affected filament assembly (Y59C and D217K) had no apparent effect on paracrystal assembly. Likewise, whereas none of the tested Ce-lamin tail mutations caused abnormal filament assembly, under the standard assembly conditions, two of these mutations (R460W and L535P) severely affected the assembly of paracrystals. It should be noted, however, that under very different assembly conditions [25 mM Tris⅐HCl (pH 7.45) and 30 mM NaCl], these lamin mutants formed paracrystals (data not shown). These data suggest that beyond the assembly of dimers and head to tail fibrils, there are differences in higher order structural organization between lamin filaments and lamin paracrystals that depend on the lamin rod domain, and on its tail domain (25) . Two of the tested mutations (R64P and Q159K) affected assembly of both filaments and paracrystals indicating that other features of assembly are common to both filaments and paracrystals. The R64P mutant assembled into very short filaments between 50 nm and several hundred nanometers long, suggesting that R64P does not support efficient head to tail association. Interestingly, these filaments were up to 20 nm thick. Because the expected thickness of a single head to tail fibril is Ϸ2 nm (3), these data suggest that even short head to tail fibrils have the potential to assemble laterally, similarly to the assembly of unit length filaments of cytoplasmic IFs (25) . Short and thick filaments are also observed when the assembly reaction of WT Ce-lamin filaments is stopped at 5 sec (17) , suggesting that lateral assembly of filaments in WT Ce-lamin can also occur in parallel to the head to tail association. The Y59C and D217K mutants both assembled into filaments that were Ϸ20 nm wide, which is also an intermediate stage of compaction seen during the assembly of WT Ce-lamin filaments (17) . However, determining whether these Ce-lamin mutations affect specific intermediate steps in the assembly requires higher resolution analyses of the WT and mutant filaments.
Both filaments and paracrystals had a ''striped'' appearance in mutant Q159K Ce-lamin. One possible explanation for this different appearance is that although the head to tail fibrils are assembled normally, the lateral association of these fibrils with each other is abnormal in the mutant protein.
Abnormal Filament Assembly in Vitro Can Help Explain Several Mu-
tations That Affect Ce-lamin Localization and Dynamics in Vivo. To try to correlate between the effects of the disease-linked mutations on Ce-lamin assembly in vitro and Ce-lamin organization in vivo, we generated transgenic C. elegans strains, each expressing GFP::Ce-lamin with a specific missense mutation. The integration sites of the transgenes probably did not affect the results obtained, because each mutant construct was used to generate two to five independent strains, and only identical results obtained in two or more strains were considered. In addition, our results were probably not affected by the expression levels of the transgenes, because they were only between 5% and 40% of endogenous Ce-lamin levels, and GFP::Ce-lamin localization in strains overexpressing WT Ce-lamin or the nondisease R460C mutant were similar to those of endogenous Ce-lamin (Fig. 4 and ref. 22) .
Mutations that affected filament and/or paracrystal assembly showed abnormal nuclear localization of Ce-lamin in some or all cells. There were two major types of localization defects: loss of nuclear peripheral localization caused by mutations in coil 1A in the rod domain and aggregation of the protein caused by mutations in the rod and tail domains. We also found that at least one disease-linked mutation (T164P) can affect Ce-lamin nuclear localization without affecting filament or paracrystal assembly in vitro. This is not surprising, because Ce-lamin binds many partners in vivo, which in turn can potentially affect its localization. If a mutation impairs the ability of Ce-lamin to bind such partners in some or all cells, it can affect its nuclear organization in vivo (5) . Indeed, emerin localization was abnormal in the T164P mutant strain. In addition, the transgenic strains allowed us to analyze the localization phenotypes of lamin mutations in the context of a whole organism and in many different cell types. Although some of the mutations caused localization phenotypes in all cells, others had developmental and/or tissue-specific localization phenotypes. For example, the Q159K mutant was mislocalized in a fraction of late embryonic cells and in the adult hypodermis but not in other cells, and the L535P mutation caused aggregation only in all late embryonic cells and adult intestine cells. Likewise, the T164P mutation caused aggregation in late embryos with Ͼ100 cells and in adult pharynx and tail cells.
Nuclear lobulation in primary fibroblasts is associated with several human lamin A disease mutations (6) and is found in C. elegans embryos down-regulated for Ce-lamin (26) . Therefore, it was interesting that nuclear lobulation was observed for some mutations in a stage-and tissue-specific manner. In human fibroblasts, the mutant protein is normally expressed with the background of one WT allele, and in the transgenic animals it was expressed with the background of two WT alleles. It would 
